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ABSTRACT 

Thermal gravitational scaling was proposed frequently in the 1990s and was seen as the holy grail of 
thermal systems design for reduced and microgravity environments. The topic was initially investigated 
theoretically but did not lead to experimental efforts and the research decayed in the 2000s and 2010s. 
This paper adds to the literature by presenting data from a vapor compression test rig that was exposed 
to parabolic flights and ground-based inclination testing, the latter with two different refrigerants. A 
method to quantify the cycle instability is proposed and applied to the mass flow rate, the evaporation 
temperature, and the condensation temperature. Overall, higher mass fluxes are shown to stabilize the 
cycle. When comparing the ground-based testing with two refrigerants and the parabolic flight testing, 
significant overlap is found for some indicators, but deviations occur for others or for datapoints with low 
mass fluxes. The indicators have promise as predictive tools in thermal gravitational scaling for two-phase 
systems but the results also demonstrate the difficulties to be expected in the development of general 
scaling tools. 

NOMENCLATURE 

Latin symbols and acronyms Greek symbols 
avg Average 𝛼𝛼 Void fraction 
D Diameter 𝜇𝜇 Dynamic viscosity 
G Mass flux 𝜌𝜌 Density 
ℎ𝑓𝑓𝑓𝑓 Enthalpy of vaporization 𝜃𝜃 Inclination angle 
�̇�𝑚 Suction line mass flow rate 𝜎𝜎 Surface tension 

mmx Difference between maximum and 
minimum 

Subscripts 

P Pressure 2 Suction line 
S Slip ratio cond Condensation 
t data point in transient dataset evap Evaporation 
T Temperature e Earth  

TFAWS Thermal and Fluids Analysis Workshop f Liquid  
u Velocity g Vapor 

We Weber 𝑟𝑟 Refrigerant 
x Flow quality sat Saturated 
  z Direction perpendicular to horizontal 

plane of test stand 
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INTRODUCTION 

For thermal management in space applications, there are important tradeoffs to consider with respect to 
performance, weight, and complexity. For example, single-phase cooling loops are simpler to build and 
control but the heat transfer and heat transport performance are better for a pumped two-phase loop. 
Similarly, thermoelectric cooling has no moving parts, but vapor compression cooling, utilizing a 
compressor, boiling and condensation, has a higher COP. With the design of more and larger spacecrafts, 
and plans for extraterrestrial habitats, two-phase flow applications have received increased interest 
despite the existence of simpler alternatives. However, widespread application is still inhibited by 
uncertainty about microgravity effects on two-phase systems. With renewed interest in these systems, it 
may be a good time to revisit an old topic: Thermal gravitational scaling sometimes also termed Similarity. 
In the 1980s and 1990s, several authors discussed design tools for two-phase applications with the goal 
of reducing the need for testing in microgravity (Crowley and Izenson, 1989; Crowley and Sam, 1991; Delil, 
2001, 1989, 1991; Hurlbert, 2000; Hurlbert et al., 2004; Ungar, 1998). The idea was to approximate a 
prototype that was supposed to operate in a reduced or microgravity environment through a scaled model 
which was to be tested on the ground. 

A review of Delil’s work with several theoretical examples of thermal gravitational scaling was presented 
by Brendel et al. (2020). It was concluded that past efforts on thermal gravitational scaling left many vital 
questions unanswered and one of them is addressed in this paper. The question arose through the 
opportunity of testing a vapor compression cycle both on parabolic flights and on a laboratory-based, 
inclination facility: Can the effects of parabolic flights on the cycle be approximated using the inclinable 
test stand (knowing that no inclination angle creates an actual microgravity testing condition)? The effort 
was motivated by costs associated with alternative test approaches based on the data provided in Table 
1. First of all, a heavily instrumented small-scale vapor compression cycle for testing on the inclinable test 
stand and on parabolic flights cost approximately $25,000 to build. Then, a structure to hold the stand 
and allow manual rotation around one axis had an approximate cost of $10,000 for design and fabrication. 
Finally, four parabolic flights were purchased at approximately $160,000. Significant cost savings would 
be possible if some investigations on parabolic flights could be outsourced to ground-based inclination 
testing with confidence in the results translating back to microgravity responses. 

Table 1: Cost positions when comparing inclination testing and parabolic flight testing. 

Item Cost Comments 
Test rig ~$25,000 Including all instrumentation and technician labor. Not 

including graduate student time. 
Inclinable structure ~$10,000 Including design, fabrication and assembly, parts and labor. 
Parabolic flights ~$150,000 Four parabolic flights with 30 parabolas each. 

 

Thermal gravitational scaling often employs dimensionless numbers to generalize the results. The two-
phase Weber number was useful in this research and is therefore introduced here. Generally, the Weber 
number quantifies the ratio of momentum to surface tension forces. Various definitions of the two-phase 
Weber number exist in the literature but only a few include information about the quality of the two-
phase mixture. The Weber number selected here is written with a subscript 4 to distinguish it from other 
Weber number definitions. This Weber number is used in Baba et al. (2011) and the subscript 4 follows 
the nomenclature proposed in Brendel et al. (2021). It is defined as: 
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𝑊𝑊𝑒𝑒4 =
𝐺𝐺2𝐷𝐷
𝜌𝜌𝑥𝑥𝜎𝜎

(1) 

𝜌𝜌𝑥𝑥 = 𝛼𝛼𝜌𝜌𝑓𝑓 + (1 − 𝛼𝛼)𝜌𝜌𝑓𝑓 (2) 

𝛼𝛼 = 1

1+𝑆𝑆
𝜌𝜌𝑔𝑔
𝜌𝜌𝑓𝑓
∙1−𝑥𝑥𝑥𝑥  

(3)   

𝑆𝑆 = 𝑢𝑢𝑔𝑔
𝑢𝑢𝑓𝑓

= �𝜌𝜌𝑓𝑓
𝜌𝜌𝑔𝑔
�
1
3 (4) 

𝐺𝐺 is the mass flux, 𝐷𝐷 the pipe diameter, 𝜌𝜌𝑥𝑥 the mixture density, 𝜎𝜎 the surface tension, 𝛼𝛼 the void fraction, 
𝜌𝜌𝑓𝑓 and 𝜌𝜌𝑓𝑓 the saturated liquid and vapor density, 𝑥𝑥 is the mixture quality and 𝑆𝑆 is the slip ratio defined as 
the ratio of 𝑢𝑢𝑓𝑓  and 𝑢𝑢𝑓𝑓 , which are the vapor and liquid velocity, respectively. Equation 3 provides 𝛼𝛼 
assuming slip flow and equation 4 is a correlation for the slip ratio proposed by Zivi (1964). 

The parabolic flight testing was performed using R134a as the refrigerant, whereas ground-based testing 
was carried out for both R134a and R1234ze(E) as refrigerants. R134a is a common and high performing 
refrigerant and has been considered multiple times for space applications. R1234ze(E) is a very similar 
refrigerant with only one additional carbon atom in the molecular structure. R1234ze(E) is increasingly 
being adopted for terrestrial applications due to its extremely low global warming potential. Table 2 shows 
properties of the two refrigerants at two different saturation temperatures. All properties except of the 
saturation pressure 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 and the saturated vapor density 𝜌𝜌𝑓𝑓 are comparable. It was of interest whether 
the similar refrigerant would also react similarly to inclination changes. 

Table 2: Properties of R134a and R1234ze(E) at 0 °C and -20 °C. 

𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 Fluid 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 𝜌𝜌𝑓𝑓 𝜌𝜌𝑓𝑓 𝜇𝜇𝑓𝑓 𝜇𝜇𝑓𝑓 𝜎𝜎 ℎ𝑓𝑓𝑓𝑓 
°C [-] [kPa] [kg/m3] [kg/m3] [centipoise] [centipoise] [N/m] [kJ/kg] 
0 R134a 293 1295 14.4 0.2655 0.0109 0.0114 198.6 
0 R1234ze(E) 218.4 1241 11.9 0.2631 0.0107 0.0124 184.2 

-20 R134a 132.8 1358 6.79 0.3462 0.0101 0.0143 212.9 
-20 R1234ze(E) 98.16 1298 5.58 0.3452 0.0095 0.0154 196.6 

 

TEST SETUP 

The test rig was a four-component, vapor compression cycle with refrigerant-to-air heat exchangers acting 
as the evaporator and condenser. The compressor was an oil-free, water-cooled, variable speed scroll 
prototype which provided a cooling capacity in the range of 100 to 400 W depending on the compressor 
frequency and the evaporation temperature. The expansion valve was a manually operated needle valve. 
The operator used the compressor frequency, the needle valve opening, and an electric heater as the heat 
source for the evaporator as control parameters. Figure 1 shows a piping and instrumentation chart of 
the system. Data was sampled at a frequency of 1 Hz.  
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TEST PROCEDURES AND DATA SELECTION 

Parabolic flights 
Parabolas are flown in sets of 5 with approximately 5-minute breaks of level cruising in between. During 
a set, approximately 20 seconds of microgravity alternates with 40 seconds of hyper gravity five times. A 
total of 24 sets were flown over four days, but several sets are excluded for the following reasons: 

- Malfunctioning of the data acquisition system 
- Flying parabolas that provide Martian or Lunar gravity instead of microgravity 
- Saturated evaporator outlet conditions. A saturated evaporator outlet is an atypical operating 

condition for a VCC and was used to investigate a different phenomenon not discussed in this paper.  

Finally, 14 sets are included in the analysis (set numbers 2, 7-12, 15, 16, 18, 20, and 22-24, with more 
details about the sets described in a journal publication).  

 

Figure 1: Plumbing and instrumentation diagram of test setup. 

Inclination testing 
In ground-based testing, the gravity level will always be 𝑔𝑔 = 1𝑔𝑔𝑒𝑒. Therefore, no inclination angle can truly 
simulate microgravity (𝑔𝑔 ≈ 0). Instead, the concept is to change the direction of gravity in a way that leads 
to cycle behaviors similar to parabolic flight observations. Three inclination angles, 𝜃𝜃, were defined to 
represent normal gravity, hyper gravity and microgravity. After some trial and error, it was decided to let 
𝜃𝜃 = 0° simulate normal gravity, 𝜃𝜃 = +90° hyper gravity and 𝜃𝜃 = −90° microgravity. The timing for each 
angle was set to be approximately equivalent to the timing for the different gravity levels within the 
parabolic flights.  Steady-states were established at 𝜃𝜃 = 0° (normal gravity), 𝜃𝜃 = −90° (microgravity) was 
maintained for 20 seconds and 𝜃𝜃 = +90° (hyper gravity) was maintained for 40 seconds in between 
microgravity angles but only for 20 seconds before and after the last simulated parabola. With this 
procedure, three microgravity periods were simulated to make one sample of data. This procedure was 
executed 13 times with R134a at varying operating conditions but the fourth sample had to be discarded 
because the operator did not adhere to the 40/20 second timing. Another 13 sets were collected with 
R1234ze(E) as the refrigerant to extend the results to other refrigerants. 

Repeatability 
Figure 2 shows the inclination angle on the left-hand side for the 12 R134a and 13 R1234ze(E) samples of 
ground-based testing. The gravity level for the 14 samples of parabolic flight data are shown on the right-



 

 TFAWS 2021 – August 24-26, 2021 5  

hand side. The colors for the lines were selected randomly. Since the inclination testing happened in a 
laboratory environment, the changes in the inclination angle could be repeated precisely. The gravity 
changes during the parabolic flights (aligned at the first time of 𝑔𝑔𝑧𝑧 ≈ 0𝑔𝑔𝑒𝑒) showed deviations in the timing 
such that the parabolas do not precisely overlay after the second parabola. Two of the sets shown in 
Figure 2 contained six parabolas, whereas the rest had 5 parabolas. 

ANALYSIS METHOD 

The parabolic flight tests exposed the test rig to varying gravity levels alternatingly for 20 and 40 seconds. 
This was too short to reach steady-state conditions for the thermal system. The analysis is therefore not 
concerned with steady-state conditions at hyper or microgravity but with variations that result from 
repeated gravity perturbations, may it be inclination changes or variations in the gravity level. The chosen 
quantifier is based on the suction line mass flow rate as measured by a Coriolis-type mass flow meter. The 
mass flow rate is a significant parameter for any vapor compression cycle and measured variations in the 
suction line (indicated with a subscript “2” at the mass flow rate symbol: �̇�𝑚𝑟𝑟,2) were stronger than mass 
flow rates measured in the liquid line.  

For the quantifier selected, the maximum, minimum, and average mass flow rate of a sample were 
determined. The maximum band of fluctuations (maximum minus minimum) was then divided by the 
average to normalize the quantifier relative to the absolute mass flow rate. The quantifier called 
“mmx/avg” becomes larger as instability increases. Mathematically it is described as follows where the 
collected points of one sample start at t=0 and end at t=N (one ‘sample’ or one ‘set’ are repeated gravity 
perturbations as shown in Figure 2): 

(�̇�𝑚)𝑚𝑚𝑚𝑚𝑥𝑥
𝑠𝑠𝑎𝑎𝑓𝑓

=
𝑚𝑚𝑚𝑚𝑥𝑥��̇�𝑚(𝑡𝑡)� − 𝑚𝑚𝑚𝑚𝑚𝑚��̇�𝑚(𝑡𝑡)�

𝑚𝑚𝑎𝑎𝑔𝑔��̇�𝑚(𝑡𝑡)�
∙ 100, 𝑓𝑓𝑓𝑓𝑟𝑟 𝑡𝑡 = {0,𝑁𝑁} (5) 

 

Figure 2: Orientation and gravity changes during inclination and parabolic flight testing for all considered data 
samples. 
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RESULTS 

Similarity between ground-based testing and parabolic flight experiments 
Two-phase flow is known to be more stable against gravity perturbations at high flow velocities. This result 
has been established over time through publications by various authors and is explained with an increase 
of inertia forces which eventually make gravity forces negligible. Albeit proved for two-phase flow, such 
results have rarely been presented for active two-phase systems. To evaluate whether the findings apply 
to vapor compression cycles, too, the mmx/avg quantifier was plotted as a function of the mass flux in 
Figure 3. Indeed, inclination testing with R134a showed a hyperbolic trend for mmx/avg as the mass flux 
increased, supporting the hypothesis of a more stable system at higher mass fluxes. For data from the 
parabolic flights, the measure had a more linear trend than hyperbolic. Nevertheless, considering that the 
two datasets were the result of exposure of the test rig to entirely different gravity perturbations 
(inclination vs. gravity level changes), the overlap in the magnitude of mmx/avg is appreciable over a wide 
range of mass fluxes. Hence, inclination testing as described in Figure 2 (left) may indeed be indicative of 
results collected from parabolic flights. 

 
Figure 3: Example stability indicator as a function of the mass flux. 

Weber number for improved correlation 
Dimensionless numbers are a frequently recommended tool for the correlation of various effects in two-
phase flow. Therefore, the data in Figure 3 was also plotted as a function of different dimensionless 
numbers selected from Brendel et al. (2021). By visual inspection, a plot with 𝑊𝑊𝑒𝑒4 on the x-axis stood out 
for its clearer hyperbolic trend compared to Figure 3. The ground-based testing data is now arranged 
tighter around an imagined hyperbolic trendline while the distribution of the parabolic flight data did not 
change much. In order to understand the improved correlation of the ground-based testing, it is helpful 
to see how each point moved towards the hyperbolic trendline. This is shown in Figure 4 (left), where the 
mmx/avg quantifier is plotted as a function of the mass flux on the lower x-axis (x-symbols) and as a 
function of 𝑊𝑊𝑒𝑒4 on the upper x-axis (dot-symbols). The data is plotted such that the lowest and highest 
mass flux and 𝑊𝑊𝑒𝑒4 values align, hence points 5 and 13 coincide exactly for the two overlaid plots. Green 
arrows are shown in Figure 4 to indicate points that moved to the right by plotting with 𝑊𝑊𝑒𝑒4 instead of 
with the mass flux; pink arrows are employed for points that moved left. 
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Figure 4: mmx/avg indicator plotted with the mass flux and We_4 for ground-based testing (left). Ground-based 

and parabolic flight testing plotted with We_4 (right). 

Table 3 shows all values of the data used in the computation of 𝑊𝑊𝑒𝑒4 as described in Equations 1-4. The 
color of the row matches the color if the arrow in Figure 4. Pressure and quality were determined at the 
evaporator inlet and the diameter was 𝐷𝐷 = 6.9 𝑚𝑚𝑚𝑚. The quality was determined from the expansion 
valve inlet state of the subcooled liquid and the valve outlet pressure assuming an isenthalpic expansion 
process. All points that moved to the right in Figure 4 (green) had relatively high qualities and void 
fractions and therefore relatively low mixture densities. Since the mixture density is in the denominator 
of 𝑊𝑊𝑒𝑒4, this caused a relative increase or right-shift. Vice versa, points that moved to the left (pink) had 
low qualities and void fractions and therefore higher mixture densities. It can also be observed that the 
strongest left and right shifts (sample 13 and 9) have the lowest and highest flow quality, respectively. 
This also means that for one given mass flux, a higher quality will increase the stability, which is consistent 
with higher vapor velocities and less mass at high qualities for a given tube location and mass flux. 

Table 3: Values in computation of 𝑾𝑾𝒆𝒆𝟒𝟒 for data sets of ground testing with R134a. 

# 𝑃𝑃 
[kPa] 

�̇�𝑚 
[g/s] 

𝐺𝐺 
[kg/(m2s)] 

x 
[-] 

𝜌𝜌𝑓𝑓 
[kg/m3] 

𝜌𝜌𝑓𝑓 
[kg/m3] 

𝛼𝛼 
[-] 

𝜌𝜌𝑥𝑥 
[kg/m3] 

𝜎𝜎 
[N/m] 

𝑊𝑊𝑒𝑒4 
[-] 

(�̇�𝑚)𝑚𝑚𝑚𝑚𝑥𝑥
𝑠𝑠𝑎𝑎𝑓𝑓

 

[%] 
1 197 0.96 25 0.23 1329 9.8 0.89 159 0.013 2.1 28.4 
2 224 1.20 31 0.21 1318 11.1 0.87 187 0.012 2.9 16.7 
3 244 1.73 45 0.20 1311 12.1 0.85 203 0.012 5.8 9.9 
5 222 2.18 57 0.23 1319 11.0 0.88 170 0.012 10.7 6.5 
6 149 1.53 40 0.28 1350 7.6 0.92 109 0.014 7.3 6.2 
7 124 1.23 32 0.30 1363 6.4 0.94 91 0.015 5.4 11.2 
8 92 0.86 23 0.33 1383 4.8 0.95 67 0.016 3.4 11.1 
9 79 0.72 19 0.34 1393 4.1 0.96 58 0.016 2.6 26.2 

10 143 0.66 17 0.27 1353 7.3 0.92 110 0.014 1.3 32.2 
11 270 0.54 15 0.18 1302 13.3 0.82 241 0.012 0.5 52.4 
12 269 0.76 20 0.18 1302 13.3 0.82 241 0.012 1.0 59.7 
13 349 1.22 32 0.14 1278 17.1 0.74 348 0.011 1.8 25.6 
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R1234ze(E) as a similar fluid 
The ground-based testing for R134a was repeated with R1234ze(E) as a refrigerant that has similar 
thermodynamic properties. Figure 5 (left) shows the mmx/avg quantifier as a function of 𝑊𝑊𝑒𝑒4 for all three 
datasets. The R134a and R1234ze(E) data has very good agreement in both trends and magnitude. 
Therefore, it is tempting to conclude that the two refrigerants behave similarly for any stability measure. 
Figure 5  (right) sets a counter example by plotting the difference between the maximum and minimum 
measured evaporation temperature for each data sample, which is another instability indicator (next to 
the mass flow rate, the evaporation temperature is also an important descriptor for a VCC). The two 
refrigerants had similar bands of temperature variations for high Weber numbers but differed significantly 
for low Weber numbers. Hence, the two refrigerants behave similarly in some but not in all aspects. 

 

Figure 5: Two stability indicators plotted for all three datasets. Legend entry “Sim.” Refers to ground based 
inclination testing, “Flights” to parabolic flight experiments. 

DISCUSSION 

Inconsistent trends 
Figure 5 showed hyperbolic trends for the instability from ground-based testing for two different 
instability indicators. Figure 6 shows that the hyperbolic trend does not necessarily occur for other 
instability measures. Instead of the evaporation temperature, the condensation temperature was 
evaluated with the mmx-indicator. All three datasets show constant bandwidths of the condensation 
temperatures over a wide range of Weber numbers (and mass fluxes). The bands for the condensation 
temperature are comparable to the evaporation temperature for high mass fluxes but do not increase 
towards lower mass fluxes. It can also be noted that the parabolic flight data samples show larger 
bandwidths than the ground-based data samples. 

Status and potential of thermal gravitational scaling 
Researchers in the 1990s had a vision that thermal gravitational scaling would be a significant tool for the 
design of two-phase systems for space applications. If such design tools were reliable, prototyping would 
become faster and less expensive due to a reduced testing load in relevant environments which are 
typically difficult to access. However, the reliability of this type of approach still is unproven since the 
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trends shown in this paper for the mmx/avg measure applied to the mass flow rate changed when 
applying them to the evaporation or condensation temperature, making any possible predictive tool more 
complex. Besides, it is not clear how the trends in Figure 5 might change if the heat exchangers had been 
installed in different orientations or if different heat exchanger types had been used (microchannel, tube-
in-tube, flat plate). Based on the experience of performing orientation testing and parabolic flight testing 
with multiple test rigs and varying components, it seems unlikely that scaling rules could reliably apply to 
vapor compression cycles of different sizes and with different heat exchanger types. Lower hanging fruit 
are probably available when considering simpler applications, like two-phase flow in straight pipes, boiling 
on cold plates, or heat pipes. 

 

Figure 6: Stability measure applied to condensation temperature. 

CONCLUSIONS 

Data was presented from a test rig that was experimentally investigated both on parabolic flights and on 
an inclinable test stand. Changing the inclination angle from +90° to -90° repeatedly and adhering to a 40 
to 20 second timing was found to approximate the instabilities during the parabolic flights using the 
suction line mass flow rate as a quantifier. However, the trends are hyperbolic for the inclination testing 
versus linear for the parabolic flight testing, yielding significant outliers at mass fluxes below 20 kg/(m2 ∙
s). The instabilities measured during the inclination testing correlated significantly better with a two-
phase Weber number than with the mass flux owing to the inclusion of the flow quality and mixture 
density. Repetition of the ground-based testing with R1234ze(E) showed very similar results for an 
instability criterion based on the suction line mass flow rate and condensation temperature but differed 
at low mass fluxes when considering the evaporation temperature. Overall, despite some promising 
examples shown in this paper, finding reliable tools for thermal gravitational scaling is thought to be 
extremely challenging with large expected uncertainty. 
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